The pure rotational spectrum of trans-acrolein in the ground vibrational state has been assigned in the frequency region from 8 GHz to 180 GHz. The measured absorption lines encompass a-type transitions from the "Rk, q Qi. q Qs branches and 6-type transitions from the r P0, r Px, r P2, r R0 brandies for values of J up to 23. The rotational constants have been refined and all quartic and sextic centrifugal distortion constants have been determined using Watson's reduced Hamiltonian. This information has been used to predict line positions of astrophysical interest to warrant the interstellar line search for trans-acrolein.
I. Introduction
The present paper on trans-acrolein is a continuation of a series of investigations of the microwave and millimeter wave spectra of slightly asymmetric rotor molecules of astrophysical interest [1] [2] [3] [4] [5] . The primary objectives are to provide accurate predictions of radio-astronomically interesting transition frequencies and to derive reliable centrifugal distortion parameters, which in turn yield information concerning the molecular force field.
Measurements in the microwave 6 ' 7 , infrared 8 and near ultraviolet region 9 ' 10 have demonstrated that the trans-form is the most stable and abundant rotamer form of acrolein. The only evidence so far available of the existence of the cis-form of acrolein came recently from studies of the near ultraviolet spectrum n . This identification of the cis-rotamer has been confirmed by two further studies of the magnetic rotation spectra of acrolein 12 , and the absorption spectra of acrolein^ (H2C = CHCDO) 13 in the near ultraviolet spectral region. The ground state of the cis-rotamer was found to lie about 700 cm -1 above the ground vibrational state of the trans-rotamer, which explains why its rotational spectrum has not been found among the overlapping spectra of excited vibrational states from the transacrolein molecule.
In the first microwave study of trans-acrolein the J = 3 <-2 a-type R branch transitions of the normal species and the a-components of the dipole moment were reported 6 . In addition to the 7 = 2-^1 and 7 = 3^-2 a-type R branch transitions Cherniak and Costain 7 reported for the normal species four 6-type transitions of the Ka = 1 0 rotational subband and the 6-component of the dipole moment. From these transitions improved rotational constants and two quartic distortion constants were derived. A complete restructure was obtained from the analysis of eleven isotopic species. However, these microwave studies did not included high 7 transitions or measurements of millimeter wave transitions, and a complete set of quartic distortion constants could not be obtained.
in the Galaxy and yields information on their physical and chemical state.
Recently interstellar vinyl cyanide (H2C = CHCN) has been detected in the direction of the galactic center source SGR B2 by Gardner and Winnewisser 14 . It is the first interstellar molecule observed which contains a carbon-carbon double bond and is closely related to acrolein (H2C = CHCHO). Both molecules are derivatives of ethylene, in which one of the hydrogen atoms of the ethylene molecule has been replaced by a different functional group, -CN or -CHO. The spectroscopic properties of acrolein, such as the energy level scheme, magnitude and direction of the electric dipole moment and transition probabilities are rather similar to those of vinyl cyanide. One could therefore expect on these grounds that acrolein and vinyl isocyanide 5 should be detectable in interstellar space, unless the interstellar production mechanisms of these two molecules are very different from that of vinyl cyanide. A thorough search for interstellar acrolein seems to be warranted, particularly using its low /, Ka = 1 Q-branch transitions. Since these transitions for molecules with Cs symmetry seem to arise from energy levels with inverted populations under interstellar conditions, they amplify the continuum background radiation and thus become more easily detectable than other transitions 14 ' 15 .
III. Experimental Procedures
The microwave measurements in the frequency region 8 to 40 GHz were carried out with spectrometers located at the Justus Liebig-Universität, Giessen, and at Kyushu University, Hakozaki. The Giessen spectrometer is a Hewlett-Packard Model 8460 A Microwave Rotational Resonance (MRR) spectrometer, presently equipped with two microwave sources to cover the frequency ranges from 8 to 12.8 GHz and 12.4 to 18 GHz. The spectrometer is operated with a two meter X-band Stark absorption cell and 33.333 kHz square wave modulation of the electric field employing the molecular Stark effect. The accuracy of the frequency measurements using this spectrometer is estimated to be about ± 20 kHz. The spectrometer employed at Kyushu University is of Hughes-Wilson type with a 120 kHz square wave Stark modulator, and covers the frequency region 8 to 35 GHz. The absorption cell is a 3 meter long X-band waveguide.
Some measurements in the frequency range 8 to 18 GHz were made independently at both laboratories and were found to be in agreement within ± 80 kHz.
In the frequency region from 80 to 200 GHz the measurements were made with the millimeter wave spectrometer at the Justus Liebig-Universität. The millimeter wave radiation was generated by harmonic multiplication of the fundamental frequencies of different reflex klystrons. The absorption lines were detected with a video-spectrometer employing a dedicated PDP 8/1 computer for rapid data acquisition which allows Doppler resolution, high sensitivity and accurate frequency measurements. The spectrometer and its mode of operation have been described previously 16 > 17 . The accuracy of the millimeter wave data is estimated to be about ±15 kHz for strong lines and somewhat less for weak or overlapping lines.
All acrolein data were taken at room temperature with sample pressures smaller than 10 -2 Torr.
IV. Assignment of the Spectrum
The microwave and millimeter wave spectra of planar slightly asymmetric top molecules as large as trans-acrolein are extremely rich. This feature is caused by the small rotational constants A, B, C, and by the lade of any symmetry axis which allows the occurrence of a-type (jua = 3.06 + 0.04 Debye) 6 and 6-type (jub = 0.54 ± 0.14 Debye) 7 rotational spectra. The superposition of both types of spectra for the vibrational ground state with spectra arising from molecules in excited states leads to a dense spectrum throughout the investigated spectral region, complicating the assignment of the considerably weaker 6-type spectrum.
1) The a-type Rotational Spectrum
The a-type spectrum of trans-acrolein exhibits all the typical features of slightly asymmetric rotors, with their characteristic R-and Q-branch transitions. An overview of the a-type spectrum is shown in the Fortrat diagram of Figure 1 . The strong R-branch transitions occur at intervals of (B + C) throughout the centimeter and millimeter wave regions. Figure 2 shows a scan of the spectrum near 8.9 GHz with the / = 1 0 R-branch transitions of the ground state and rotational lines arising from molecules in various vibrationally excited states. For each of the higher / -f1 / transitions of this R-branch the different Ka components form two band heads. One band head occurs at Ka = 2 and is determined by the inertial asymmetry of the molecule, whereas the one at values of = 9 is caused by centrifugal distortion contributions which depend mainly on the term with the coefficient Djr. Figure 3 illustrates a typical £a-pattern for the / = 15 14 transition. The top part shows a recorder tracing of the reversal of the Ka = 8, 9 and 10 components, while the center presents an overview of the entire transition, plotted and compared in the lower part of Fig. 3 with the calculated spectrum. The rotational spectra of molecules in vibrationally excited states show a similar band-head structure as may be seen for the u18 = l, 7=15-^14 rotational transition in Figure 3 . The formation of such band-heads has been observed previously in the spectra of propynal 1 transition of the molecules propynal, vinyl cyanide and acrolein is shown in Fig. 4 , which clearly demonstrates that trans-acrolein is a rather rigid molecule with comparatively little centrifugal distortion. Although rotational transitions have been observed in many different vibrational states we have not attempted to assign and analyse these spectra. However, if a microwave identification of the cis-rotamer is to be attempted, all vibrational satellites of transacrolein arising from vibrational energy levels as high as 700 cm -1 have to be assigned.
In addition to the R-branch transitions, a-type Q-branch transitions were observed. They arise from the ^-doubling of the Ka > 1 levels, and therefore their frequency decreases rapidly with increasing K.
2) The b-type Rotational Spectrum
The measurements of the a-type transitions discussed above are not sufficient to obtain a reliable set of spectroscopic constants. AKa ^ 2, a-type transitions are extremely weak and therefore difficult to locate. The rotational constants A, DK and H^ can thus, with few exceptions, only be determined in cases where 6-type transitions can be observed for Ka = 2 -<-1 or higher. A Fortrat diagram of the 6-type rotational sub-bands in the spectral region up to 250 GHz is shown in Figure 5 3)   17 8 30 3.3146(1.3)  176290.6905(1.0 
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3) band head, structure is shown in Fig. 6 arranged such that only the appropriate high-/ 6-type transitions are entered in the figure. The combined effects of inertial asymmetry and centrifugal distortion, predominantly the former, produce this band head. The Fortrat diagram shows that all but one of the 6-type transitions assigned in this work lie in the centimeter wave spectral region as do the a-type Q-branch transitions. The weak 6-type lines were assigned by a bootstrap procedure, using successively more accurate frequency predictions.
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V. Centrifugal Distortion Analysis
The observed rotational a-type and 6-type transitions have been analysed by the use of the reduced Hamiltonian reported by Watson 18 in which /?6 = 0, The observed and calculated line frequencies together with astrophysically important line position predictions are listed in Table I. Several lines were rejected from the fit (zero weighting factor), indicating an error in measurement, and several high Ka lines were omitted from the fit because higher order centrifugal distortion effects appear to contribute to those line frequencies. Accidentally overlapped or partially blended ÄMype doublets are also omitted. Thus 206 lines out of 213 measured transitions have been used for the leastsquares analysis and the standard deviation of the fit was obtained to be 18.1 kHz.
The constants obtained from the fit and used for calculation of the predicted frequencies are expressed in the P axis representation, and listed in Introducing the planarity conditions among the T'S as indicated in Ref. 18 we can determine the four constants, raabb, rbbcc, rccaa and rabab, which are nonvanishing for a planar molecule. The determined centrifugal distortion constants are listed in Table IV together with the calculated values of these constants using the molecular force constants of trans-acrolein as reported by Fukuyama, Kuchitsu, and Morino 19 . The r-constants were obtained using the formula 20 . The discrepancy between the calculated and the observed xaaaa seems to be too large, probably due to the neglect of higher-order contributions in the calculations. For example, the observed vibrational frequencies, on which the force constants are based, are by no means harmonic. This sort of criticism may also hold for the observed x constants, since we do not correct the constants for vibrational contributions. The reported constants are effective constants for the ground vibrational state, since the r's are changed considerably by the excitation of the vibrations.
